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ABSTRACT 

Residual stresses ar is ing from the lamination fabrication process 
An equation t o  predict are investigated using l inear  laminate theory. 

the residual  stresses i s  given. 
fluence residual stresses are ident i f ied,  
with various ply lay-up configurations are examined, 
presented t o  i l l u s t r a t e  the dependence of the residual stresses on the 
pertinent variables. The residual stresses are very sensit ive t o  con- 
s t i t uen t  material properties, ply stacking sequence and orientation, 
f i b e r  content, and cure temperature. 
and in-plane shearxesidual  stresses can reach magnitudes comparable 
t o  corresponding ply strengths and cause transply cracks i n  the com- 
posites. 
Ways t o  prevent transply cracks and interply delamination are reccom- 
mended. The e f fec ts  of the residual  stresses on the design of a com- 
posi te  compressor blade are i l lus t ra ted .  

The pertinent variables which in- 
Several Composite systems 

Results are 

It is found that ply transverse 

Residual stresses can also cause interply delamination. 

INTRODUCTION 

Multilayered fiber composites are readily adaptable t o  simultaneous 
The design approach allows the designer component and material designs. 

t o  take advantage of t he  high s t i f fnes s  and strength-to-density r a t io s  
of fiber composites* The resu l t  i s  an e f f ic ien t  u t i l i za t ion  of fiber 
composite material i n  s t ruc tura l  components. The composite i s  usu&l,ly 
designed by speciming the fiber direction i n  each ply, the number of 
pl ies ,  and the fiber volume r a t i o  t o  meet the  given loading requirements. 

However, having different  fiber directions i n  different  plies can 
cause transply cracks such as have been observed i n  graphite fiber com- 
posites. 
present i n  the composite. 
riceition process used t o  make fiber composites. 
ar is ing from the fabrication process are examined quantitatively herein 
using l inear  l m i n a t e  theory. 

!These cracks are caused by the large thermal residual sstresses 
The residual  stresses result from the Tab- 

The residual stresses 

rospace Technologist, 1v;ALIA Lewis Research Center, Cleveland, 
Ohio. 
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Multilayered fiber composites consist of several unidirectional 
layers (p l ies )  oriented at specified angles r e l a t ive  t o  some set of 
axes, 
plies consist of parallel  fibers embedded i n  a matrix. 
of a ply is depicted i n  figure 2. 
graphite w i l l  have many filaments through the ply thickness. 

The geometry of such a composite i s  depicted i n  figure 1. The 
The geometry 

Fiber composites such as glass o r  

I n  general composites achieve their s t ruc tura l  in tegr i ty  by being 
cured a t  elevated temperature under pressureo 
residual  stresses i n  the composite when the composite i s  at  a tempera- 
ture different  f r o m  i t s  cure temperature. The difference between the 
cure temperature and the use temperature w i l l  be referred t o  as temp- 
erature difference herein. The resul t ing residual stresses can be 
either micro or  macro residual stresses. 

This process induces 

The micro residual  stresses are influenced by the constituents9 
They wise from the temperature dif- 

The matrix phase change shrinkage also 
Adams e t  ale ( r e f ,  1) and 

LocaL geometry within the ply. 
ference and the difference between the thermal coefficients of ex- 
pansion of the constituents. 
contributed t o  the micro residual  stress. 
Haener et  al. ( re f .  2), for  example, treat th i s  type of residual stress 
analytically.  
Theocaris ( r e f .  4) exmined micro residual stress experimentally. 
ply depicted i n  figure 2 w i l l  have micro residual  stresses, 

Marloff and Daniel ( r e f ,  3) and Koufopoulos and 
The 

Macro residual stresses ( re f  e 5) are integrated averages through 
%he ply thickness. 
t o  an equivalent thermal o r  mechanical load applied t o  the composite. 
They arise from the difference between the ply longitudinal and trans- 
verse thermal coefficients of expansion. Macro residual stresses are 
present i n  those composites which have plies oriented a t  different  
angles and whose temperature differs from the cure temperature. 
stresses w i l l  be present i n  t he  composite depicted i n  figure 1, 

These stresses have an effect on the  ply similw 

These 

The significance of the laminationores&dual stress was real ized 
when transply cracks were observed i n  0 / 9 O  graphite composites. 
and Novak ( r e f ,  5) presented several  photomicrographs showing transply 
cracks. Decrescente and Nova ( r e f ,  6) and Winters ( r e f .  7) described 
similar phenomena. 

Doner 

Some analyt ical  treatment of the  lamination residual stress has 
also been repgrtes, 
stresses i n  0 /90 composites. 
the residual  stresses i n  a boron/epoxy composite with laminations fQ/9O 
where the *Q p l i e s  are considered as an equivalent 0' ply. This author 
(ref.  9 )  used l i n e w  laminate theory t o  predict  residual stresses i n  
graphite composites without r e s t r i c t ion  t o  ply orientation. 

Doner and Movak ( r e f ,  5) considered the residual 
Edighoffer et  al. ( r e f ,  8) examined 
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ence 
code 

The lamination theory used i n  reference 9 w a s  developed 
10- It was implemented i n  references ll t o  13 and i n  a 
(ref. 14)* 

The computer code of reference 14 provides a method for  
mechanics, LLination and stress analyses of multilayered f'iber com- 
posites. The inputs t o  t h i s  code are constituent material properties, 
fiber and void contents, correlation coefficients, composite geometry, 
temperature difference, (difference between composite temperature and 
cure temperatwe) and composite stress resul tants  or  displacements. 

i n  refer- 
computer 

mfCr0- 

The computer code of reference 14 permits the variation of several 
X t  i s  u t i l i zed  herein t o  investi-  

-Glas s/E@oxy, Thernel- 50/Epoxy, 
The significant para- 

basic parameters i n  fiber composites. 
gate the  residual stresses i n  laminated fiber composites. 
ing systems are exmined: Boron/Epox;r, 
and Modmor-I/PolySmide and Thornel- 5O/Polyimide 
meters i n  these systems are ply orientation, fiber and void contents, 
matrix modulus and thermal coefficientas of expansion, and the tempera- 
ture difference. To the &Luthorts knowledge, the effects of some of 
these parmeters on the residual stresses we investigated herein for  
the  first time. 
sible ply delamination due t o  res idual  stress, and (2) residual stresses 
i n  composites which are unsymmetric w i t h  respect t o  bending, 

The follow- 

Also irlvestigated here for  the first time are: (1) pos- 

The ply orientations exmined are shown i n  table I together with 
the notation adopted herein fo r  -convenience. Theoretical thermal and 
e l a s t i c  properties fo r  the  composite syst&s considered are l isted i n  
table IT. These properties are fo r  55 percent fiber volume content, 
The corresponding theoret ical  strength properties are given i n  table 111. 
The resu l t s  i n  tables Xf and TI1 are those predicted by the computer 
code, reference 14, 

The significant peepmeters mention d previously are vari 
computations, The resu l t s  discussed later wi 
dence of the ply residual stresses on these p 
grouped by composite system. The bomposite s 
S-Glass/Epoxy and Thorns1-50/Epoxy are used i n  some basi 
t ions,  Results for various ply orien-bations i n  composit 
with respect t o  bendi 
posite system MOdmOP- 
simulated s t ruc tura l  s, Some re su l t s  are  presented for  
system t o  demonstrate 

e also presented for  these ar;tystmss, ashe com- 
de rand ThorneS-5O/PolyWde are uds% 

lwina t ion  due t o  residual s t r ~ ~ s e s ~  

The r e su l t s  pr ed herbin ax8 for  two t e m p ~ r ~ t ~ e  dif 

Modlj2or -J/Polyimide 
differences are obtained fYom the p lo ts  by d i rec t  proportion. 
because a ,hx?ar theory is used and the residual stress is l i n e  
dependent on the temperatma difference. 

300" F (589.9K) fQP first four systems and 600' P (!jW8:9K) for  the 
Residual stresses fo r  stny other temperatme 

This i s  
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The laminate theory equation for predicting the ply residual 
s t resses  i s  given by 

the reference plane s t r a ins  (ecox) and the curvature changes 
for a free composite (free of exterdal loads and boundary constraint) are 
comguted from 

Equations (1) and (2) show that  the ply residual  s t r e s s  i s  a func- 
t ion  of the following factors: 
[A,], [C,] and [D,], (2) the  ply spatial location i n  the composite 

and [Rgi], (3) the ply s t ress-s t ra in  re la t ion  [Egi], (4) the p ly  '2 i 
thermal coefficients of expansion (.a3 and ( 5 )  the  temperature differ- 
ence between the ply and the reference value & P j . .  This difference 
equals the p ly  temperature minus the cure temperahre i n  computing 
residual  and thermal stresses. The afore discussion leads t o  the ident i -  
f ica t ion  of the independent variables which influence the ply residual  
stress. 
s t i t uen t  materials ' thermal properties , (3 )  F%ber volume r a t i o  
(4) Void content, (5)  Ply distance from reference plane, (6) Ply orienta- 
t i on  relative t o  composite s t ruc tura l  axe8 eand (7) Difference between 
ply temperature and cure temperature* 

(1) the  composite s t ruc tura l  s t i f fnesses ,  

These are: Constituent materials' e l a s t i c  properties, (2)  Con- 
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RESIDUAL STRESSES I N  BORON, S- 

The residual stresses i n  these composites are computed from a 
300' F (167O K) temperature difference, room temperature constituent 
material properties and the l inear  theory available i n  reference 14, 
This theory 5,s br i e f ly  described i n  the XN!I%ODUCT$ON. 
ju s t i fy  th i s  approach: 
temperature, (2) polymerization shrinkage (matrix phase change) 
not accounted fo r  d i rec t ly  i n  the theory, is compensated for  by the 
higher temperature, (3) the epoxy modulus decreases with increasing 
temperature but the epoxy coefficient of exgansion increases, (4) the 
residual  stress re su l t s  presented herein can be scaled down proportion- 
a l l y  t o  any desired temperature difference, and (5)  composites de- 
signed t o  withstand the residual stress at  room temperature predicted 
by t h i s  approach w i l l  be conservatively designed, 

Five reasons 
(1) the residual stresses are computed a t  room 

though 

Bor on/E@oxy Compos it es 

8[2(0), 2 ( b ) ,  2(%3, 2(0)] are plot ted against 0 and three fiber 
volume ra t io s  (FVR) i n  figure 3. 

the  composites 8[0, 2( ?@) , 2( go), 2(T0) > 01 we plot ted against Q 
i n  figure 4, 
figure at 8 = 0 and 90 i l l u s t r a t e  the effect on residual stress of 
the  numbers of p l i e s  i n  each orientation, 

The residual transverse stresses i n  the  %-plies of the composite 

Ply residual transverse stresses f o r  the Oo, 20' and 90°-plies of 

Th& FVR is00,55 for  these composites. The re su l t s  i n  t h i s  

The residual transverse stress i n  'the outer ply of the composites 
8[4( +Q), 4( -€I) I 8( 33) , and 8[4( b) , 4 ( s )  3 is  plot ted against Q i n  
figure 5. 
8[4(+Q), 4( 4) 1 
interspersed p ly  stacking sequence. The composites 8(t@) are non- 
symmetric with respect t o  bending but have interspersed ply stacking 
sequence. The composites 8[4(*0) 4(%) I are synmetric and have 
interspersed p ly  sequence, 

The Fvra is 0.55 for  these composites, Note the composites 
w e  nonsymmetrfc with respect t o  bending and have non- 

The transverse strength for  the unidirectfonal composite (ply) 
at 0 3 5  J%R is  8,6 %si ,(59.3' @/rn?;) from table 111. 
exceeded only by the residual stresses i n  the outer plies of the com- 
posite 8[4(+e), b(-@)] (figo 5 ) .  However, the margin of safety is 
about 0,3 i n  many of the other composites, 

This value is 

Several interest ing pofnts are i l l u s t r a t ed  by the resu l t s  i n  f ig-  
ures 3 t o  5. (1) The ply reifdual  transverse stress i n  boron/epoxy 
composites i s  re la t ive ly  high when compared with the ply transverse 
strength for  some composite geometries, (2) The ply residual s t reas  i s  
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quite sensit ive t o  the pJy angle, but not as sensit ive t o  EVR. 
ply transverse residual  stresses i n  the composites 810, 2(fQ), 2(9O), 
2(*@), 01 are pract ical ly  invariant with 8. (4)  Nonsymmetric, non- 
interspersed-ply composites experience high ply residual stresses when 
compared with other composite geometries 
ply and symmetric, interspersed-ply composites experience ply residual 
stresses of about the same magnitude, 

(3) The 

( 5) Nonsymmetric, interspersed- 

S-Glass/gpoxy Composites 

The residual stress re su l t s  f o r  these composites are presented i n  
figures 6 t o  8. 
are the same as those fo r  the Bmon/Epoxy and are indicated i n  the fig- 
ures. 

The composite geometries and other variables investigated 

The transverse strength for  the S-Glass4Epoxy unidirectional compo- 
s i te  (ply) at 0.55 FVR i s  4.4 k s i  (30.4 MN/m ) from table 111. This 
value i s  very close t o  the ply residual  stress of several composites, 
It is  exceeded i n  the outer p l i e s  of some composites 8[4(+Q) , 4( -0 )  1. 
This implies tha t  S-Glass/@oxy composites of the  geometries and FVR 
exmined i n  figures 6 t o  8 could experience transply cracks. This w i l l  
not be the case i f  the transverse strength of the p l i e s  i s  much greater 
than 4.4 k s i  (see for  example table I of ref, 5). 

Several interest ing points are i l l u s t r a t ed  by the r e su l t s  i n  f ig-  
ures 6 t o  8. 
ceed the ply transverse strength. The extent t ha t  th i s  strength is ex- 
ceeded by the calculated residual stress depends on composite geometry. 
(2) The ply residual stress is  qui te  sensit ive t o  ply orientation angle 
i n  certain composite geometries. 
insensi t ive t o  FVR i n  composites with less than 0,55 FVR. (4) The ply 
residual  stress is  sensi t ive t o  the number of plies i n  each orientation, 
( 5) Nonsymmetric, noninterspersed-ply composites experience large ply 
residual  stresses when compared with other composite geometries- 
( 6) Nonsymrnetric, interspersed-ply aad symmetric, interspersed-ply 
composites experience ply res idua l  stresses of about the same magnitude. 

(1) Calculated ply residual  transverse stress could ex- 

(3) The ply residual stress is  re la t ive ly  

mornel- 50/~poxy Compo sit e s 

The residual  stress re su l t s  for,thesse composfteds are presented i n  
figures 9 t o  U, 
gated are the same as those f o r  the  Boron/Epossy and are indicated i n  the 
figures. 

The composite geometries and other variables investf-  
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The transverse strength for  the Thornel-50/ oxy unid i rec t iond  
composite (ply) at  0,55 FVR i s  3-7 ksi.(25=5 r/ri/mLj). 9 from table I X I ,  
This value i s  exceeded, or  nearly SO, by several composites. 
p l i e s  that plies i n  Thornel-5O/Epoxy composites of the geometries and 
FVR examined i n  figures 9 t o  1 1 w i l l  experience transply cracks, 
has been observed experimentally ( r e f s ,  5 t o  7). 
be the case if the transverse strength of the p l i e s  i s  about 8 ksi .(55.2 m/m2) 

This in- 

This 
However9 t h i s  will not 

Several interest ing points are i l l u s t r a t ed  by the r e su l t s  i n  
figures 9 t o  11. 
ceeds the ply transverse strength. The extent that  th i s  strength i s  
exceeded by the calculated residual stress depends on composite geo- 
metry. 
t ion  angle i n  certain composite geometries, 
i s  sensit ive t o  FVRo 
the number of  p l i e s  i n  each orientation, 
t o  0 i n  the composStes 8 [0 ,  2( *0)  2( 90) 2(-%G) 9 01 e (5) Non- 
symmetric, noninterspersed-ply composites experience about 30 pepcent 
higher ply residual stresses when compared with other composite geo- 
metries. 
ply composites experience ply residual  stresses of about the same mag- 
nitude * 

(1) The calculated ply residual  transverse stress ex- 

(2) The ply residual stress is quite sensi t ive t o  ply orienta- 
(3)  The ply residual stress 

(4) The ply restdual  stress is insensit ive t o  
It i s  re la t ive ly  insensit ive 

(6) Nonsymmetric, interspersed-ply and symmetric, interspersed- 

s m m  COMPOSITE COrnNENTS 

The residual stresses i n  the p l i e s  of two simulated composite com- 
ponents were studied, 
12( 0) , 2('rl5) , 4($3O) ] 
4(&5) 1 , 
t u re  for t h i s  system is about 6000 F (589d9. $) * 

The composite geometries are 24 [4( f30) 2( *15) , 
and 24[4( 245) , 2( 222 e 5) 4 l2( 0) , 2( T22 5) , 

The composite system i s  Modmor f/PolyM.de. The cure tempera- 

The dependence of the ply residual  stresses on several factors  is 
(1) fiber volume r a t i o  (FVR), void con- examined. These factors  are: 

tent ,  (2)  variation of the FVR fkom ply t o  ply within the stme composite, 
(3) different  groups of p l i e s  with different  FVB, (4)  variations i n  the 
matrix thermal coefficient of expansion, and (5) variations i n  the 
matrix modulus. Also the e f fec t  of the residual  stresses on the relative 
rotat ion of adjacent plies i s  investigated, 

The computations are based on 600' P (g_89b%) temperature differ- 
ence and room temperature constituent materials properties. 
f icat ion for  t h i s  approach is the same as that given for the other fiber/ 
epoxy composite systems, 

The just%- 
' i  

The ply residual transverse stress is plot ted against FTR i n  figure 
Results f o r  the ply residual longitudinal stress 
Note the residual  longitudinal stress i n  the 0' 

12 fo r  both components. 
are shown i n  figure 13. 
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p l i e s  of both components is tens i le ,  
s t r e s s  are plot ted against FVR i n  figure 14, 
figures show that the ply residual stresses are sensit ive t o  both com- 
posi te  geometry and FVR. 

Results for  ply residual shear 
The re su l t s  i n  these 

The void content e f fec t  on the ply transverse residual stress i s  

One important point t o  keep i n  mind i s  that the ply trans- 
i l l u s t r a t e d  i n  figure 15. 
purposes. 
verse strength decreases with increasing void content ( r e f  * 3.2) - 
Therefore, the decrease i n  ply transverse strength could produce trans- 
ply cracks a t  smaller temperature differences. moper consideration of 
the void e f fec ts  i s  necessary t o  avoid transply cracking (see eq. (3) i n  
this  section). 

This e f fec t  i s  negligible fo r  all prac t ica l  

The ef fec ts  of variable ply FVR on the  ply transverse residual 
stresses are  shown i n  figure 16 fo r  one component only. 
are negligible as can be seen i n  the figure. 
p l i e s  at  different  FVR has negligible e f fec ts  on the ply residual 
transverse stress. This is  i l l u s t r a t e d  i n  figure 17. Negligible e f fec ts  
were also found when the ply temperature was varied similar t o  the fiber 
volume ra t io .  

These effects 
Having different  groups of 

These re su l t s  are not presented here. 

Tlie dependence of the ply residual  transverse stress on the matrix 
thermal coefficient of expansion i s  i l l u s t r a t e d  i n  figure 18. 
portant points are observed here, 
l inear ly  w i t h  matrix thermal coefficient of expansion. 
res idual  stresses can be reduced by decreasing the magnitude of the 
therm81 coefficient of the matrix. 
thermal coefficients of expansion w i l l  produce effects opposite t o  those 
shown i n  figure 18 for the matrix coefficient.  
creasing the fiber thermal coefficient of expansion is  another effect ive 
way t o  reduce the residual  stress. 

Two im- 
(1) The ply residual stress varies 

(2) The 

The effects of va;rying the fiber 

This implies that  in- 

The dependence of the ply residual  transverse stress on the matrix 
modulus i s  i l l u s t r a t e d  i n  figure 19. The r e s u l t s  i n  t h i s  figure show 
that the residual  stress increases nonlinearly with increasing matrix 
modulub. 
0.7xI.O p s i  (0.69 t o  4.83 GN/m ) and not as rapid a t  modulus values great- 
er than 0.7~106 p s i  (4.83 GN/m2) - 

This increase i s  qui2e rapid at  modulus values of 0 . 1 t o  

The re su l t s  i n  figure 19 should be ned jo in t ly  with the ply 
transverse strength before any meaningful conclusions are made. 
transverse strength is given by the expression ( r e f .  12). 

The ply 
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The notation i n  equation (3) is  as follows: 

is'%: void s t r a in  
i s  the s t r a in  magnification factor;  

t ens i le  strength; 
able matrix t ens i l e  s ain t o  denote fa i lure;  Bv 
magnification coefficient; @ 

Saazer i s  the ply transverse 
i s  the correlation factorg i s  the allow- %T 

@ lJ.22 
mpT' p22 i s  the p ly  transverse modulus. The variables E 

are not independent of the matrix modulus. For exanple 4 
and Ea22 
and Ea22 P22 

increases with increasing matrix modulus ( r e f  .I lo), decreases but Ea22 
and E increases with increasing matrix modulus i n  general. 

mPT 
The following point can be made i n  view of the preceding discussion. 

The ply transverse residual stresses increase with increasing matrix 
modulus. The ply transverse strength also increases with increasing 
matrix modulus. 
increases at  a higher r a t e  than the ply transverse strength. 
r e su l t s  from t h i s  investigation showed that the ply strength increases 
a t  a higher rate than the residual stress. 

Transply cracking may occur i f  the ply residual stress 
Limited 

The ef fec t  of the residual  stress on the adjacent p ly  r e l a t ive  
rotat ion i s  i l l u s t r a t ed  i n  figure 20. Relative rotat ion is  p lo t ted  
against fiber volume r a t i o  (nrri) fo r  selected adjacent p l i e s  of the two 
components. The estimated allowable i s  a l so  plot ted i n  the figure. 
The prediction of the estimated allowable i s  discussed i n  references 
10 and 11. 
cause interply delamination, 
geometry, the p ly  angles of  the  two adjacent p l i e s  and the  fiber content, 
It is interest ing t o  note that the component with the 230' and *15O 
p l i e s  has a higher probability of interply delamination than the component 
with the 2 4 5 O  and *22 5O plies .  
p l i e s  i s  superior i n  a l l  other respects w i t h  respect t o  residual s t ress .  
To the author 's  knowledge the significance of the r e su l t s  i n  f igure 20 
has not been recognized by other investigators. 
32 t o  20 show that components designed by neglecting the residual stresses 
w i l l  be unconservative i n  some loading conditions. 

The r e su l t s  i n  figure 20 show that residual s t resses  could 
The delamination depends on the composite 

The coraponent w i t h  the  f30° and *15O 

The re su l t s  i n  figures 

The e f fec ts  of introducing t rans i t iona l  p l i e s  or  decreasing the 
number of off-axis p l i e s  on the residual stress me i l l u s t r a t ed  i n  
figure 21. 
against FVR. 
the dot-dash curvea 
been incorporated w i t h  the  face (surface) plies is denoted by the  solid- 
l i n e  curve. The composite i n  which the t rans i t iona l  p l i e s  have been in-  
corporated with the core p l i e s  i s  ident i f ied  by the dashed-line curve. 

The transverse residual  stresses i n  the  %.50-plies a re  plotted 
The composite with the t rans i t iona l  plies is  denoted by 

The composite i n  which the t rans i t iona l  p l i e s  have 

The r e su l t s  i n  figure 21 show that both reduction of the number of 

The number of off-axis p l i e s  is controlled by 
off-axis p l i e s  and introduction of t rans i t iona l  plies reduce the residual 
stress by small mountso 
strength and s t i f fnes s  requirements and changes might not be permitted 
i n  specif ic  designs. 
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RESIDUAL AND THw14AL STRESS EFFECTS I N  DESIGNING ACTUAL CouFoNgaTS 

The residual. and thermal stress ef fec ts  i n  actual  designs are i l l u s -  
t r a t ed  by e x w n i n g  the 
high-tip-speed (2200 f t  P sec) compressor blades., Only p a r t i a l  r e su l t s  of 
the blade stress analysis are suf f ic ien t  t o  i l l u s t r a t e  the point, 

ossible  application of fiber composites i n  

The composite geometry and loads are given i n  table IVI The blade 
consists of surface, t rans i t ion  and core plies which are different  at 
different  s ta t ions 

The stress analysis r e su l t s  for  the ply longitudinal stress are 
plot ted as a function of blade length and four different  load conditions 
i n  f igure 22. These load conditions are: mechanical. (M); combined 
mechanical and thermal (Ma); combined mechanical, thermal and residual  
(MW+R); and residual  (R) 
the ply longitudinal stress can be overestimated by as much as 30% 
when the incorrect load condition i s  used. 

As can be seen from the curves i n  figure 22, 

Analogous r e s u l t s  fo r  the ply transverse stress are shown i n  fig- 
ure 23. 
estimated by a factor  of three depending on the load condition considered, 

These r e s u l t s  show tha t  t h e  ply transverse stress can be under- 

The r e s u l t s  of f igures 22 and 23 i l l u s t r a t e  the importance of the 

The ef fec ts  of time on lamination residual stresses 
residual  and thermal. stresses i n  the design of actual  components from 
fiber composites. 
is not known a t  t h i s  time, 

WAYS TO MINIMLZE AND/OR ELIMIWE LAMINATION RESIDUAL STRESSES 

Several a l ternat ives  are  possible for  minimizing or eliminating the 
lamination residual stresses, 
categories, 
specif ic  designs. 

These al ternat ives  may be grouped in to  two 
The first category is general while the second is  for  

They &e summarized br ie f ly*  

I n  general, res idual  stresses at  room temperature can be reduced 
o r  eliminated by: 

1. U s e  of room or low-temperature cure matrfces. 

2. Decreasing the difference between f i b e r  and matrix thermal 
coefficients of expansion. 

3. Increasing the allowable elongation of the matrix at  failure 
with a simultaneous increase i n  the  matrix modulus. 
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I n  specif ic  designs, the residual  stress can be reduced by: 

1. Proper selection of composite system. 

2. Suitable ply stacking sequence and orientation. 

3. moper selection of the number of p l i e s  i n  each direction, 

4. Introduction of t rans i t iona l  plies. 

5. Decreasing the number of off-axis p l i e s  i f  stiff'ness and/or 
strength.requirernkntS permit it. 

6 .  Increasing the f iber  volume ra t io ,  

7. Any possible combination of the above. 

MpERlBEN!I!& WORK NEEDED 

Both theory and experiment show tha t  the ply residual  transverse 
stresses due t o  lamination are of magnitudes comparable t o  those of the 
ply transverse strengths. However, four important questions need t o  
be answeredbefore the ef fec t  of residual stresses on the composite 
s t ruc tura l  response can be r e a l i s t i c a l l y  assessed, These are: (1) decay 
of residual. stress with time, ( 2 )  ef fec t  of transply cracks on composite 
stiffhess, (3) ef fec t  of transply cracks on composite strengths, 
(4) e f fec t  of transply cracks on composite degradation by the environment, 

These questions can be answered best by simple but s t ra teg ic  ex- 
Flexural t e s t s  i n  fatigue and creep should p e r b e n t a l  investigation. 

provide qual i ta t ive answers t o  these questions. 

CONCLUSIONS 

The results of t h i s  theoret ical  investigation, which i s  based on 
l i nea r  laminate theory and on a semiempirical micromechanics theory, lead 
t o  the following conclusions, 

1. The ply transverse residual  stress i s  generally tens i le .  Its 
magnitude can be comparable t o  that of the p ly ' s  transverse strength. 
This depends on the composite system, ply orientation and fiber volume 
ra t io .  It is c r i t i c a l  f o r  Graphite-Fiber/Epoxy composites. 

2. The ply iniplane residual  shear stress can be comparable t o  
the p ly ' s  shear strength. 
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3. The p ly  residual  transverse and/or shear stress can be comparable 
t o  the corresponding p ly  strengths i n  simulated components. This can 
cause transply cracking, 
transverse t ens i l e  and in-plane shear loads. 

It can also reduce the p ly  capacity t o  carry 

4. The ply residual  stresses are very sensi t ive t o  p ly  orientation, 
number of p l i e s  i n  each direction and t o  fiber volume ra t io ,  

5.  The ply residual  stresses are re la t ive ly  insensit ive t o  void 
content, and t o  moderate f iber  content or cure temperature variations 
from ply t o  ply. 

6. The ply residual  stresses generally increase with increasing 
ply orientation angle. 

7. The ply  residual  stresses increase nonlinearly with increasing 
They increase l inear ly  with increasing niatyix ki-' I 1 . .  ' matrix modulus. 

'elf iclknts of thermal expansion. 

8. It i s  possible t o  or ient  plies i n  simulated components so tha t  
some p l i e s  have t ens i l e  longitudinal res idual  stress. 
usually compressive. 
of the p ly ' s  corresponding compressive strength. 

This stress i s  
Its magnitude i s  usually about 15 t o  20 percent 

9. Transply cracking due t o  residual stress, i n  general, can be 
prevented by increasing the ply transverse and shear strength and de- 
creasing the cure temperature. It can be prevented by decreasing the 
thermal coefficients of the matrix anvor by increasing those of the 
fibers sufficiently.  It can also be prevented by combinations of these. 

transply 
I n  specif ic  designs,/cracking can be prevented by suitable ply 

orientation, variation of the number of p l i e s  i n  each direction, intro-  
duction of t rans i t iona l  plies, reduction of the number of off-axis 
pl ies ,  increasing the fiber content or  by combinations of these. 

10. 

11. Neglecting residual  stresses i n  design can lead t o  unconserva- 
tive designs. 

l2. Experimental work is  needed for  a r e a l i s t i c  assessment of 
residual stresses on composite s t ruc tura l  response. 

SYMBOLS 

A, array of composite ax ia l  s t i f fnesses  referred t o  composite 
s t ruc tura l  axes 

array of composite coupling stiffhesses referred t o  composite 
structwml. axes 



array of composite bending (f lexural)  s t i f fnesses  referred t o  
composite s t ruc tura l  axes 

t h  array of s t ra in-s t ress  re la t ions  ( e l a s t i c  constants fo r  the i 
PlY ) 

ply  longitudinal modulus 

p ly  transverse modulus 

p ly  shear modulus 

f ibe r  and void volume ra t ios ,  respectively 

vector of unbalanced thermal mclments referred t o  composite 
s t ruc tura l  axes 

vector of unbalanced thermal forces referred t o  composite 
s t ruc tura l  axes 

array o f  transformation coefficients for  the 

p ly  longitudinal t ens i l e  strength 

ply longitudinal compressive strength 

ply transverse strength 

p ly  transverse compressive strength 

ply shear strength 

temperature difference for the i 

s t ruc tura l  axes 

t h  
PlY 

t h  i 

distance from reference plane t o  cen-roid of "he 

material axes 

vector of thermal coefficients of expansion of the 

p ly  longitudinal thermal coefficient of expansion 

p ly  transverse thermal coefficient of expansion 

correlation coefficient fo r  p ly  transverse strength 

void s t r a in  magnification coefficient 

PLY 

th PLY 

t h  
i PlY 
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E cox 

i 

f 
m??T 

8 

KCX 

vector of composite s t ra ins  referred t o  composite s t ructural  
axes at the reference plane 

vec tw of stra,ins fo r  the  ith ply referred t o  p ly ' s  
material axes 

matrix allowable s t r a in  i n  tension 

ply angle measured from the composite s t ruc tura l  axes t o  
the ply material axes 

composite l oca l  curvatures referred t o  composite s t ruc tura l  
axes 

ply major Poisson's r a t i o  

vector of ply s t resses  referred t o  ply'$ material axes 

s t r a in  magnification factor for  ply transverse strength 



TABLE I. - COMPOSITE PLY c4RIENTATION (GEOMETRY) AM, 

NOTATION IDEN!CIFICAfPION 

Ply 

Ply angle 

Ply angle 

Ply angle 

Ply angld 

Ply angle 

Composite geometry - 
1 
c- 

oo 

00 

+0 

+g: " 

+8 

_. 

2 
I 

OC 

t8 

-8 

-8 

Ce - 

- 
4 

-8 

30' 

-8 

-8 

- 

~ 

+e 78 

-8 -8 

- 
7 - 
O0 

4-8 

-8 

1.8 

-8 
__31 

I Not at i on 
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TABLE 11. - THEORFTICAL UNIAXIAIJ PLY ELASTIC AM) THERMAL EIIOPERTIES 

OF VARIOUS COMPOSITES AT ROOM TEMpERATlTRE, NORMALI!ZED AT 55% 

FIBER VOLUME CONTENT AND ZERO VOIDS. (Refs. I 2  and 13) 

Composite System 

B or on/Epoxy 

S-Glass/Epoxy - -. . 

Thornel- 50/Epo~y 

Modmor -I/Folyingl.de 

Elas t ic  and Thermal Properties a t  Room Temperature 

7.0 

27.8 

33.2 

1.0 

0.9 

Gk? 12 

6 LO psi 

1.0 

0.9 

-7 

.6 

0.24 3.0 

025 3.7 

.24 -0.1 

.24 - .3 

14.2 

14.1 

20.6 

20.5 

TABLE 111. - THEDRFTICAL UNIAXUUL STREWGTHS OF VARIOUS COMPOSITES AT 

ROOM T-. NQRMALIZED AT 55% FIBER VOLUME CONTENT AND 

ZEElO VOIDS (Refs. 12 and 13) 
E 

Composite System Uniaxial Strengths ( k s i )  at Room Temperature I 
13.0 

8.3 

2.6 

7.8 



TABLE IV. - HIGH-TIP-SPEES> COMPOSITE COMRRESSOR BLADE 

GMlMETRY ANI) LOADS 
[Thornel 5O/Polyimide a t  50% FVR. density Nu 0.05 #/in. 3 
t i p  speed = 2200 Et/sec ply stacking sequence at ma. 
thickness 1 

6 Blade length 

3lade temperature (OF) 

Sumber of p l i e s  

Surf ace 

Transitional 

Core 
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Figure 1. -Typical f iber composite geometry. 
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Figure 2. - Single ply. 
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Figure 3. - &8-Ply transverse residual stress for boronlepoxy 
composite. Ply stacking sequence 8[2(0"), 2(*8"), 2 ( W ,  2(0)1. 
Temperature difference = -300" F. 
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Figure 5. - Outer-ply residual transverse stress for boronlepoxy 
composites. Fiber volume ratio 0.55. Temperature difference = 
= -300" F. 
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Figure 6. - rt9-Ply residual transverse stress for S-glasslepoxy 
composite. Ply stacking sequence 8[2(0), 2(+9), 2 ( W ,  2(0)] 
Temperature difference = 300"  F. 
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Figure 7. - Ply residual transverse stress for S-glasslepoxy 
composites. Fiber volume content = 0.55. Temperature difference, 
-3W" F. 
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Figure 8. - Outer-ply residual transverse stress for S-glasslepoxy 
composites. Fiber volume content = 0.55. Temperature difference 
= -ma F. 
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Figure 9. - k g - P l y  residual t ransverse stress fo r  graphite Thornel-  
50lepoxy composite. Ply stacking sequence 8 MO), 2&9), 2(*9), 
2(0)]. Temperature difference = -300" F. 
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F igure  11. - Outer-ply residual t ransverse stress fo r  Thornel-%/epoxy 
composites. Fiber volume rat io 0.55. Temperature difference = -300" F. 
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Figure 13. - P l y  residual  longi tudinal  stress fo r  graphi te Modmor- 
I lpoly imide composites. Temperature di f ference = -600" F. 
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Figure 14. - P ly  residual  shear stress for  graphi te Modmor-I /  
polyimide composites. Temperature di f ference = -600" F. 
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Figure 17. -Effect of having different groups of plies A7 different 
fiber content o n  the  ply transverse residual stress. Modmor I/ 
Polyimide composite 24[4k45), 2(+22.5), 12(0), 2(*22.5), 4(*45)1. 
Zero void content. Temperature difference = -600' F. 
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o n  the ply transverse residual stress. Modmor-Ilpolyimide 
composites. Zero void content. 0.50 Fiber volume ratio. Temper- 
ature difference = -600" F. Matrix modulus = 0. 5x106 psi. 

Figure 18. -Effects of the  matrix thermal coefficient of expansion 
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Figure 19. -Effects of matrix modulus on  the  ply transverse residual 
stress. Modmor-Ilpolyimide composites. Zero void content. 
0.50 Fiber volume ratio. Temperature difference = -600" F. 
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Figure 20. -Adjacent ply relative rotation due to residual stress for 
graphite Modmor-Ilpolyimide composites. Temperature differ- 
ence = -600" F. 
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Figure 22. - 30" Surface ply longitudinal stress of a high- 
tip-speed composite compressor blade. (See table I V  for 
composite geometry and loads. 1 
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Figure 23. - +30° Surface ply transverse stress of a high- 
tip-speed composite compressor blade. (See table I V  for 
composite geometry and loads.) 
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